Previous studies have found that the degree of tongue grooving during production of fricatives correlates with their place of articulation. Czech has a cross-linguistically rare alveolar trill-fricative <ř>, which would be expected to pattern in terms of the tongue groove with the alveolar fricatives. The current study employs electromagnetic articulography (EMA) to investigate differences in tongue grooving between the trillfricative and alveolar/post-alveolar fricatives. Czech native speakers produced words with target consonants in word-initial, intervocalic, and word-final positions, with sensors being attached to both the midline and the sides of the tongue. An angle between these sensors was calculated, and taken as a measure of the degree of grooving. The results (currently based on the data obtained from one speaker) showed that, contrary to the prediction, the degree of grooving for the trill-fricative was closer to the post-alveolar fricatives than to the alveolar fricatives, yet unique in its distribution. While this degree remained relatively temporally stable for the fricatives, it tended to gradually decrease for the trillfricative. The results thus suggest a unique articulatory configuration for the Czech trill-fricative. [Work supported by SSHRC]
INTRODUCTION
The Czech language has two phonemic trill consonants, represented orthographically by <r> and <ř> (e.g. 'rád' and 'řád') . While the first consonant is an apical alveolar trill /r/, the second one is a typologically rare trill-fricative. It has been described as similar to /r/ in place, yet having a somewhat tighter (and possibly laminal) constriction, and represented in the IPA as /r̝ / (i.e. raised alveolar trill; Dankovičová 1999) . A number of phonetic studies examining phonetic properties of the trill-fricative have produced conflicting results. Given some disagreement on the phonetic status of this consonant, we will refer to it as /ř/. Hála (1923) compared palatograms and linguograms of /r/ and /ř/ produced by a single speaker and concluded that the trill-fricative was produced with a narrower and a more anterior channel at the alveolar ridge, as well as a lower tongue blade, than the contrasting /r/. Ladefoged & Maddieson (1996: 228-230, 233) , who reexamined the palatograms done by Hála and considered some spectrographic evidence, concluded that the Czech trill-fricative was produced with the blade of the tongue and that /r̻ / (laminal alveolar trill) was the more appropriate symbol for the sound. Furthermore, Ladefoged & Maddieson agreed with Short (1987) that /ř/ exhibits frication somewhat different from voiced post-alveolar fricative /ʒ/. They also noted that /ř/ is often produced as a trill followed by frication, or, for some speakers, just the fricative portion without the trill component.
More recently, Dankovičová (1999: 71) defines /ř/ as 'a raised alveolar trill fricative,' /r̝ /, which differs from /r/ in a number of ways: it has (i) a higher number of vibrations, which are of lower amplitude, (ii) a narrower constriction, which is made with the blade rather than the tip, and (iii) an increased airflow velocity. She also notes that the sound often begins as a trill and ends as a fricative. However, Šimáčková, Podlipský & Chládková (2012) note that /ř/ is actually realized as a fricative which is "interrupted at the beginning by contact or contacts created by a retracted apico-alveolar gesture" and, contrary to Dankovičová's (1999) findings, that it may be reduced to a single contact like /r/. Howson, Komova & Gick (to appear) reexamined the two trills, providing evidence for Šimáčková, Podlipský & Chládková's (2012) assertion that /ř/ is a fricative interrupted by contacts of the tongue on the palate as a result of trilling. Their ultrasound (mid-sagittal) and spectral data from 9 speakers confirmed that trilling and frication do co-occur. Furthermore, a large degree of variation was found with respect to tongue height which accounts for the differing analyses observed in the literature. Finally, electroglottography (EGG) and acoustic (spectral tilt) data from 9 speakers showed that the main source of the difference between /r/ and /ř/ was the laryngeal setting. Specifically, /ř/ exhibited unclear glottal pulses and a more open glottis, as well as a higher spectral tilt. Howson et al. concluded that a more appropriate phonetic characterisation of /ř/, would be /r̤ /, highlighting the key difference between the two trills with the laryngeal setting: breathy voice.
However, much is still unclear about the production of the Czech trill-fricative /ř/. As noted before, Ladefoged & Maddieson (1996) and Short (1987) concur that the type of frication observed in /ř/ is not characteristic of the type of frication exhibited by /ʒ/. It is not clear from any of the analysis done up to this point that that is true. An MRI investigation of English fricatives by Narayanan, Alwan & Haker (1995) suggest that there is patterning in fricatives with respect to tongue grooving. Alveolar strident fricatives exhibit 'concave cross-sectional shapes' when compared to the post-alveolar strident fricatives which exhibit a 'flat or slightly convex cross-sectional shape.' In short, Nayanan et al.'s findings describe the different characteristics of tongue grooving observed in fricatives. Grooved fricatives are characterized by a concave cross-sectional shape, while post-alveolar fricatives exhibit a convex crosssectional shape, often referred to as domed (Ladefoged & Maddieson 1996) . It would seem reasonable to assume that /ř/ would exhibit the type of grooved frication associated with alveolar fricatives such as /s, z/ because it is also described as an alveolar fricative. However, /ř/ is also a trill and the spectrographic evidence suggests that spectral properties of frication are much closer to /ʒ/ than it is to /z/ (see Figure 1) , inconsistent with Short's (1987) observation. FIGURE 1. Spectrograms of the sequences /aʒa/, /ařa/, and /aza/ from sample tokens of 'bažant, ' 'pařát,' and 'bazální' produced by the participant of this experiment. Figure 1 shows the high frequency noise associated with /ř/ is much closer to /ʒ/. /z/ exhibits a higher and smaller range of high frequency noise than the contrastive /ʒ/ and /ř/. /z/ exhibits a range of approximately 4,700-7,600hz with a peak at approximately 5,000hz, while /ʒ/ exhibits a range of approximately 3,000-7,500hz, peaking at approximately 4,000hz, and /ř/ exhibits a range of approximately 3,000-7,300hz, peaking at approximately 3,800hz. Furthermore, /z/ has a lower peak in the intensity of the high frequency noise at approximately -18dB, while /ʒ/ exhibits a peak intensity of approximately -3dB and /ř/ exhibits a peak intensity of approximately -1dB.
The use of the AG-500 electromagnetic articulograph (EMA) to examine grooving is a novel use of the technology. Although, other studies have used EMA to gather data about tongue grooving (cf. Brunner, Hoole & Perrier 2001) , taking coronal slices with the EMA and calculating degree of tongue grooving in this way has not yet been done. Due to the fact that a great deal is known about the degree of grooving of /z/ and /ʒ/, we expect to see a very small degree angle for /z/ and a very high degree angle for /ʒ/. This is because of the nature of /z/ and /ʒ/: /z/ is classified as a grooved fricative, exhibiting a concave tongue contour, while /ʒ/ is classified as a domed fricative, exhibiting a convex tongue contour. The grooving pattern for /ř/ is unclear. However, it is known that it's place of articulation is alveolar and it is a trill. The alveolar fricatives exhibit a high degree of grooving; however, the tongue bracing necessary for trilling will likely impact the grooving significantly. Furthermore, the spectrogram reveals that the high frequency noise is very similar to /ʒ/. Therefore, given these differences, we hypothesize that /ř/ will exhibit grooving which patterns closer to /ʒ/ and that the type of frication produced is not the result of a high degree of grooving used during the production of the alveolar fricatives, /s, z/. The present study will examine these differences in degree of grooving between /z, ʒ/ and /ř/ through the use of electromagnetic articulography, compare the results and discuss the implications of the findings. Furthermore, the degree of grooving will be compared to /r/ and the implications for the articulatory differences between the two trills will be discussed.
METHODS

Subject
One female speaker of Czech participated in this study. She was 22 years of age, born in Prague, Czech Republic, and had resided in the country for approximately 18 years. The participant was recruited from the Czech community in Toronto, Ontario,
Stimuli
The stimuli were Czech words with four target phonemes, /r, z, ʒ, ř/ including the word-initial (#_a), intervocalic (a_a), and word-final contexts (a_#):
, and 'tvář' (face). Each word was presented in a carrier phrase 'prosím zopakujte ______ '. The stimuli were presented using PowerPoint, with each phrase appearing on the center of the screen at three second intervals, and grouped according to the target phoneme. Several fillers were also used which had a variety of other phonemes in the same environments: #_a, a_a, and a_#.
Instrumentation
Articultory data was recorded with an AG-500 electromagnetic articulograph, or EMA (Carstens Medizinelektronik, GmbH) at the Oral Dynamics Lab, Speech Language Pathology Dept, University of Toronto. The AG-500 has 12 channels which record horizontal (x), lateral (y), and vertical displacement (z) for small sensors attached to points of interest. Articulatory data was recorded with a sampling rate of 200 Hz, and audio data with a sampling rate of 16 kHz. Sensors were attached to the jaw, (JA), upper lip (UL), lower lip (LL), tongue dorsum (TD), body (TB) and tip (TT), and two additional sensors were attached to the sides of the tongue (TR, TL) parallel to the TB sensor to measure the degree of tongue grooving. Sensors were also attached to the forehead, nose and behind the ears to correct for head movement.
Procedure
The participant had 5 EMA sensors glued to her tongue with dental glue. The configuration for the EMA sensors was as follows: TT, 1cm from tongue tip; TB, 3cm from tongue tip; TD, 4cm from the tongue tip; TR and TL, 1cm from the side of the tongue and 1cm from the center sensor; TT, TB and TD were all along the mid-sagittal plane (see Figure 2) . FIGURE 2. Layout of the EMA sensors on the participant's tongue.
A microphone was placed approximately 6 inches in front of the participant to record audio data. A computer monitor with a PowerPoint presentation was placed approximately 2 feet in front of the participant. The participant first read Aesop's The North Wind and the Sun in Czech (from Dankovičová 1999) two times to habituate herself to the EMA sensors. The target phrase appeared in the center of the screen and changed stimuli every 3 seconds; the participant would read the target phrases aloud. Each token was produced 15 times each for each environment, giving in total 45 tokens.
Analysis
Raw articulatory data was corrected for head movement by rotating and transposing the data to a reference position, such that the x-y plane coincided with the subject's occlusal bite-plane (Westbury, 1995) . Data was filtered with an 11-point Butterworth filter with a cut-off frequency of 25 Hz to remove high-frequency noise. The boundaries of consonants were determined by examining the spectrogram of the acoustic data. The onset and offset of the consonant was taken to be the offset and onset of the preceding and following vowels. For the duration of each consonant, the degree of tongue grooving was taken at each sample. Tongue grooving was operationalized as the angle γ between two imaginary lines extended from the tongue side coils to the tongue body coil (see Figure 3) . This angle was calculated using the law of cosines, where | a, b | indicates the euclidean distance between two sensors. The mean of the tongue groove over time was taken. FIGURE 3. Gamma, degree of tongue grooving. Two imaginary lines are projected from the tongue side coils (TL, TR) to the tongue body coil (TB). The degree of tongue grooving is the angle between these two lines.
For each consonant, the trajectories of γ were normalized over time to the domain /0,1/ and interpolated to each have 100 samples, meaning that each point of any given target phoneme, correlates to the same point on any other target phoneme, allowing comparison over the course of production even though there are differences in temporal duration of each of the targets, /z, ʒ, r/ and /ř/ Praat (Boersma 2001 ) was used to acquire frequency ranges for /z, ʒ/ and /ř/. It was also used to produce textgrids for the relevant consonants in order to acquire the trajectories of the EMA sensors for the consonants of interest.
MATLAB was used to run a one-way analysis of variance (ANOVA) on the degree of tongue grooving. The factors were Consonant (4 levels). The angle at the midpoint of production was used for comparison, with a p-value of p = 0.05. 10 tokens of /ʒ, z, r/ and /ř/ were taken and compared against each other. The first 10 tokens were selected.
RESULTS
The mean tongue grooving over time was taken and compared against all tokens for each environment, #_a, a_a and #_a. Furthermore, the mean of all tokens irrespective of environment were taken and compared against each other. Figure 4a plots the mean groove angle in time for the 4 consonants, irrespective of environment. The trend for /ʒ/ and /z/ is the same. There is a brief period of transition from the preceding context and then the degree of grooving stays relatively stable for the remainder of production. Post-alveolar /ʒ/ exhibits a small degree of tongue grooving and the mean target degree of grooving is approximately a 150 degrees angle. In contrast, alveolar /z/ exhibits a large degree of tongue grooving when compared to /ʒ/, with the mean target degree of grooving being approximately a 115 degree angle. This constitutes a difference in degree of tongue grooving of approximately 35 degrees. /ř/ exhibits a far less temporally stable degree of tongue grooving, beginning at an approximate angle of 145 degrees and constantly flattening out to an approximate angle of 160 degrees. The latter constitutes an almost flat tongue contour. Furthermore, the degree of tongue grooving is also much closer to /ʒ/ than /z/ over the duration of production. /r/, however, does not exhibit the same instability in tongue grooving. There is a consistent change in the degree of tongue grooving, but it is not as sharp as /ř/. The degree of grooving begins at approximately a 142 degree angle and transitions to approximately a 145 degree angle at the end of production, which makes it similar to both /r/ and /ʒ/. It's degree of grooving begins very close to /r/ and increases in angle to an even higher degree than /ʒ/. Figure 4b shows the mean of all the token in the word-initial environment. The trend for /ʒ/ and /z/ are similar in that there is a period of transition which stabilizes to the target degree of grooving. /ʒ/ exhibits a degree of grooving of an approximately 150 degree angle once the transition is complete. /z/ exhibits a degree of grooving of an approximate angle of 110 degrees. This constitutes a difference in degree of grooving by approximately 40 degrees. /ř/ is unstable in this environment as well, exhibiting a sharp change in degree of grooving by approximately 15 degrees. From samples 40-60, the degree of grooving stabilizes at approximately 148 degrees, before rising sharply again over the duration of production. The degree of grooving for /r/ is a much higher degree angle when compared to the mean token irrespective of environment. The degree of grooving begins at approximately 148 degrees and raises steadily to approximately 153 degrees. Figure 5a shows the mean of all tokens in the intervocalic environment. The trend for /ʒ/ and /z/ is different in this environment. The transition process is much shorter, while the degree of grooving remains stable throughout production. The mean target of /ʒ/ is approximately a 155 degree angle. /z/ has nearly no transitional period at all in this environment. /z/ exhibits a mean target which is approximately a 112 degree angle. This constitutes an approximately 43 degree difference. /ř/ is also unstable in this environment, exhibiting a constant state of change in degree of tongue grooving over the duration of production. The mean start is approximately a 143 degree angle. The degree of grooving rapidly decreases, resulting in the tongue flattening out over the duration of production. The degree of grooving at the end of production is approximately a 157 degree angle. This constitutes a 14 degree change in degree of grooving. /r/ exhibits a relatively stable degree of grooving. The degree does change over the duration of production, but in a much more stable manner. The mean starting angle of grooving is approximately a 145 degree angle, which gradually flattens out to a 150 degree angle. FIGURE 5. A. Mean tokens for /z, ʒ, r/ and /ř/ in the environment a_a. B. Mean tokens for /z, ʒ, r/ and /ř/ in the environment a_#. For both A and B, tokens were interpolated to 100 samples per token. The Y-axis represents the degree of the angle and the X-axis represents the interpolated time. Figure 5b shows the mean of all the target phonemes for the word-final environment. The trend for /ʒ/ and /z/ is similar to the other environments, there is a transitional period which levels off into a more stable degree of grooving for the duration of production. However, the end of production exhibits a decrease in the degree of grooving, resulting in a slight increase in the degree of the angle. The start of the mean target for /ʒ/ is an angle of approximately 157 degrees. The degree of grooving becomes relatively stable around the 40th sample (approximately 143 degrees), and slowly increases in angle to approximately 145 degrees. There is a curvature up at the end of production, increasing the degree of the angle measured by approximately 3 degrees. The start of the mean target for /z/ is an angle of approximately 137 degrees. The degree of grooving for /z/ also becomes relatively stable around the 40th sample, and stay generally consistent at approximately 127 degrees with fluctuation of approximately a 1 degree increase in angle between the 40th and 80th sample. /z/ also exhibits an increase at the end of production of approximately 3 degrees. The temporal change is even more evident in the word final position for /ř/. The mean start is approximately 145 degrees, and increases rapidly over the duration of production. The tongue contour continually flattens out, ending at approximately 167 degrees. This constitutes a change in degree of grooving of over 20 degrees over the duration of production. /r/ exhibits a relatively stable increase in tongue grooving over the duration of production. The mean target begins around approximately 140 degrees and steadily increases over production to a peak of approximately 144 degrees. 
DISCUSSION
The working hypothesis of this paper was that /ř/ would exhibit a type of frication similar to /ʒ/. The degree of grooving was a crucial factor when examining the difference between the /z/, /ʒ/ and /ř/. This is because there are typically thought to be two types of tongue contours with respect to grooving. Fricatives such as /s/ and /z/ exhibit a type of frication produced by tongue grooving. In other words, there is a concave cross-sectional pattern. Fricatives such as /ʃ/ and /ʒ/ exhibit a type of frication which is produced with a typically flat or convex cross-sectional pattern (Narayanan et al. 1995 , Ladefoged & Maddieson 1996 . Therefore, when examining how the frication is produced for the trill-fricative, it was crucial to examine the tongue grooving. The results provided here suggest a unique configuration for /ř/, at least for the speaker investigated. Unlike the other phonemes examined in this study, /ř/ exhibits an unstable degree of grooving. The degree of grooving continually flattens out across the duration of articulation. However, it should be noted that in all environments, the mean starting degree of grooving is always approximately 145 degrees, while the amount that the degree of grooving changes over time does vary according to position. The largest change was observed in the word final position. This is the context where /ř/ is reported to exhibit more frication. It is clear from the ANOVA results that the Czech trill-fricative is more similar to a postalveolar fricative such as /ʒ/ than to alveolar fricative /z/. The degree if grooving patterns much closer to /ʒ/ and comparatively much further from /z/. These findings suggest that Short (1987) and Ladefoged & Maddieson (1996) were not entirely correct in their statement that the type of frication is not of the /ʒ/-type. The type of frication is clearly not of the concave type exhibited by /s/ and /z/. It exhibits a more flat tongue contour that is often associate with /ʒ/, which Narayanan et al. (1995) , notes is typical of /ʒ/. It should also be noted that trilling in our data does not typically occur over the entire duration of consonant (Šimáčková, Podlipský & Chládková 2012) , but the degree in grooving change does. Both the trill /r/ and the fricatives /z/ and /ʒ/ exhibit a much more stable degree of trilling, which remains relatively constant throughout production (but less so for /r/). This suggests a conflict between trilling and frication which causes instability in the degree of grooving.
The alveolar trill /r/ shows a relatively stable slow decrease in degree of grooving. The degree of grooving does change over time as with /ř/, but to a much smaller degree. It seems consistent in the change and increases in angle no more than approximately 5 degrees irrespective of environment. In the word initial environment, it should be noted that the degree of the angle is significantly higher than in other contexts. This is likely due to two causes in conjunction. First, the word initial position in the current experiment is actually closer to intervocalic because the carrier phrase ends with a vowel, /ɛ/. Furthermore, /r/ is typically weakened in intervocalic positions (Kavistskaya, Iskarous, Noiray & Proctor 2009). Liker & Gibbon (2011) note that the degree of grooving in many Croatian fricatives are susceptible to word context. It seems that the environment ɛ#_a has a strong effect on the degree of grooving for /r/, but it does not affect the stability of the change. This suggests a crucial difference between /ř/ and /r/ which has not been noted in the literature thus far.
The degree of grooving is relatively stable for the production of /ʒ/ and /z/. In the word-final environment, there is a transitional phase which levels off to a relatively steady degree of grooving for the remainder of production. However, in the intervocalic position and the word initial position (which is closer to the environment ɛ_a), /ʒ/ exhibits far less transition and the degree of grooving is almost completely flat for the entire duration of production. /z/ behaves this way in the intervocalic (a_a) position, but has a much steeper transitional period in the word initial position (following /ɛ/). This may be because the fricative is acting as a perturbation in the otherwise smooth transition from one vowel to another in a context such as VV. The /z/ acts as an interruption in the smooth trajectory of the change from one vowel to the next (Öhman 1966 (Öhman , Perkell 1969 . The result is a much steeper transition from the vowel into the fricative /z/.
CONCLUSION
Although the results are preliminary and currently based on only one speaker, the results suggest a unique configuration for /ř/. The degree of tongue grooving seems similar to /r/ at the position of its onset, which suggests that for trilling to take place, the tongue grooving is required to meet specific requirements with respect to tongue grooving. However, /ř/ appears to be much more resistant to environment because the initial mean is always approximately the same degree. This suggests that there is stricter requirements for the production of the trill fricative. Furthermore, the degree of grooving observed suggests that it is not of the grooved type, such as /s/ and /z/, but rather of the domed type, patterning very close to /ʒ/. However, unlike /ʒ/, there is an instability in degree of tongue grooving, continually flattening out over production, suggesting that there is a conflict between trilling and frication.
